Comparison study of intraarticular and intravenous gadolinium-enhanced magnetic resonance imaging of cartilage in a canine model. Acta Radiol 2008;49:65-74 Background: Magnetic resonance (MR) imaging and measurement of glycosaminoglycan (GAG) have potential for characterization of hyaline articular cartilage. Recently, some reports have demonstrated the potential of direct administration of contrast media for MR imaging of cartilage. Purpose: To prove the feasibility of intraarticular gadolinium-enhanced MR imaging of cartilage (iGEMRIC) and T1 relaxation mapping of the articular cartilage in vivo with intraarticular injection of Gd-DTPA 22 . Material and Methods: Five healthy beagle dogs underwent MR imaging and T1 relaxation mapping of the knee joints of both hind legs. The delayed gadoliniumenhanced MR imaging of cartilage (dGEMRIC) and iGEMRIC techniques were interchanged with MR imaging. For dGEMRIC, a double routine dose of Gd-DTPA 22 (0.2 mM/kg) was administered intravenously. For iGEMRIC, 2.5 and 1.25 mmol/l saline-diluted Gd-DTPA 22 solutions were separately injected into the right and left knee joints, respectively, prior to MR imaging. Color-coded T1 maps of 20 femoral condyles were obtained from the dGEMRIC and iGEMRIC images. The signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), and glycosaminoglycan (GAG) delineation of articular cartilage were compared between the dGEMRIC and iGEMRIC techniques. Results: The mean SNR was higher with dGEMRIC than with iGEMRIC, but the difference was not statistically significant (P50.174). The mean (¡SD) CNR was higher with iGEMRIC (211.6¡3.4) than with dGEMRIC (216.7¡4.0; P50.000), although the absolute value of the CNR was higher with dGEMRIC. The layering and gradient distribution of GAG were more clearly visualized on the iGEMRIC images. The mean scores of GAG delineation with dGEMRIC and iGEMRIC were 0.7¡0.6 and 2.2¡1.7, respectively. The iGEMRIC method better visualized GAG distribution (P50.001). Conclusion: Although the SNR did not differ significantly between the iGEMRIC and dGEMRIC techniques, the color-coded T1 map produced with iGEMRIC allowed better cartilage evaluation. Thus, iGEMRIC exhibits the useful features of both MR arthrography and dGEMRIC, and provides a color-coded T1 map that is useful for diagnosing early articular cartilage damage.
integrity (1, (10) (11) (12) (13) . Conventional MR imaging and MR arthrography have been used to evaluate joint articular cartilage for the past 10 years (14) (15) (16) (17) (18) (19) . The technique of delayed gadolinium-enhanced MR imaging of cartilage (dGEMRIC) has been recently applied in clinical studies, and the dGEMRIC measurement of glycosaminoglycan (GAG) has potential for the characterization of hyaline articular cartilage (20) (21) (22) (23) (24) (25) .
Some reports have demonstrated the potential of direct administration of contrast media for MR imaging of cartilage (26, 27) . To our knowledge, there is no published report on the in vivo use of T1 relaxation mapping of cartilage with the intraarticular administration of contrast media. This study investigated the feasibility of intraarticular GEMRIC (iGEMRIC) and T1 relaxation mapping of articular cartilage in vivo with intraarticular injection of Gd-DTPA 22 .
Material and Methods

Animal preparation
The study protocol was approved by the institutional review board for animal research. Five healthy beagle dogs (7.5¡2.3 kg) were anesthetized with an intramuscular injection of Zoletil (7.5-10 mg/kg; Virbac, Carros, France) and intermittent application of diazepam (0.5-1 mg/kg; Samjin, Seoul, Korea) (6, 28, 29) . Ventilation was not required because the dogs continued to breathe spontaneously during the course of the experiment.
Administration of contrast medium Gadopentetate dimeglumine (Magnevist; Schering, Berlin, Germany) was used as the ionic contrast medium. For dGEMRIC, a double routine dose of gadopentetate dimeglumine (0.2 mM/kg body weight) was injected intravenously prior to MR imaging (23, 30) . For iGEMRIC, 2.5 or 1.25 mmol/l saline-diluted gadolinium solution was injected into the right and left knee joint, respectively, of the hind legs under fluoroscopic guidance, prior to MR imaging. The mean volume of saline-diluted gadolinium solution injected into each knee joint was 6 ml. The dGEMRIC and iGEMRIC techniques were performed serially, with more than 48 hours' interval to allow the contrast agent from the prior examination to be sufficiently eliminated (14) .
MR imaging
All MR imaging was performed after administration of the contrast medium. A standard clinical 1.5T MR scanner (Signa Excite; GE Medical Systems, Milwaukee, Wisc., USA) was used for all MR imaging. A 9.5-cm-diameter quadrature wrist coil was applied. It was impossible to do active joint exercise under the influence of anesthesia between injection of contrast agent and MR imaging. The anesthetized animal was placed in the lateral decubitus position, and one hind leg was placed in the quadrature wrist coil. Each knee joint was imaged separately. After taking three-plane localizer and multislice sagittal T2-weighted images, two sagittal planes were selected at each center of the medial and lateral femoral condyles. Each of the femoral condyles was scanned with a sagittal inversion-recovery fast spin-echo (IR-FSE) T1 series composed of five images. The MR imaging parameters were as follows: repetition time (TR) 2000 ms; echo time (TE) 16 ms; inversion recovery time (TI) 50, 180, 350, 650, and 1680 ms; echo train length (ETL) 6; number of signal averages (NSA) 1; bandwidth (BW) 13.89 kHz; field of view (FOV) 565 cm; slice thickness 1.5 mm; and matrix size 2566256. Each IR T1 series of five images took approximately 21 min to complete. Even a small motion artifact could make it impossible to calculate the color-coded T1 map. When a motion artifact was seen, imaging was repeated from the beginning to obtain a new T1 series after injection of the anesthetic.
Data processing
Each IR-FSE T1 series consisting of five images was transferred to a commercially available workstation (FuncTool; GE Medical Systems, Milwaukee, Wisc., USA) and a PACS workstation. The T1-weighted images were curve-fitted to generate T1 maps (T1-calculated images) using a three-parameter exponential fit, SI5Mo(122Ae 2TI/T 1 +e 2TR/T 1 ), with MATLAB (MathWorks, Natick, Mass., USA), producing an image of 2566256 pixels consisting of the T1 values (22, 23, 31, 32) .
Color display of T1-calculated images and analysis
The positioning or selection of a region of interest (ROI) is essential to quantify cartilage images. However, with the manual selection of ROIs, the results fluctuated considerably with subtle changes in the positioning or drawing of the ROI. To improve objectivity and reproducibility, we used seven square ROIs (16616 pixels) located along the articular surface of the femoral condyle, instead of drawing the ROI freehand. The first ROI was placed at the center of the femoral articular cartilage, and the other six ROIs were placed to cover 180˚of the femoral articular surface, with proper overlaps (Fig. 1 ). All of the ROIs were placed with the consensus of two observers. Colorcoded maps of T1-calculated images of the cartilage with the seven ROIs were overlaid on anatomic images (grayscale images similar to proton density), and a color-coded T1 map of each femoral condyle was obtained. To improve the objectivity of the analysis and image comparison, we used a colorscale bar with a fixed display range (T1 values ranging from 0-1600 ms).
Comparison of SNR and CNR
To measure the SNR and CNR, three ROIs were placed on the first image of the T1 series of images: one in the articular cartilage, one outside the body (background noise), and one in the synovial fluid ( Fig. 2 ). The mean signal intensity (SI) of articular cartilage and synovial fluid was measured on grayscale images (first IR-FSE image of the T1 series) to calculate the CNR, and the standard deviation of the background noise was measured to calculate the SNR (1, 26, 33, 34) . SNR and CNR were calculated using Sc/SD and (Sc-Sf)/SD, where Sc is the mean SI of cartilage, SD is the standard deviation of the background noise, and Sf is the mean SI of synovial fluid (1, 33) . All measurement procedures were performed on a PACS workstation (StarPACS; Infinitt, Seoul, Korea).
GAG delineation
To our knowledge, there is no established standard method for comparing or scoring the ability of MR images to visualize the ultrastructure of cartilage. Some studies have asserted that variations in the water or proteoglycan content determine layering within articular cartilage (35) (36) (37) . Topographical variations of the GAG content and cartilage thickness have been reported (38) (39) (40) . Layering and the articular cartilage ultrastructure have recently been reported (41) (42) (43) .
An analysis of the ability to visualize the GAG distribution of cartilage was performed by the consensus of two musculoskeletal radiologists (K.S.K., J.H.C.). Using color-coded T1-map images with seven ROIs, each ROI was evaluated with regard to how clearly the GAG distribution was delineated through the depth of the articular cartilage. Given that the GAG concentration is known to increase from the superficial to the deep layers of cartilage (38) (39) (40) , visualization of the GAG gradient layering was scored in each ROI on the images. Then the GAG delineation of each femoral condyle was scored on a scale of 0 to 7. For example, if GAG gradient layering was visible in three of the seven ROIs, the color-coded T1-map image received a score of 3. . Seven square ROIs (16616 pixels) were used instead of drawing the ROI freehand. The first ROI was placed at the center of the femoral articular cartilage, and the other six were placed to cover 180˚of the femoral articular surface, with proper overlaps. A color-coded map of the T1-calculated image of the cartilage was later overlaid on the anatomic image (grayscale image similar to proton density). Note that the display range of the color-scale bar is fixed with the same T1 values (range 0-1600 ms) to improve objectivity in the analysis and comparison of images. 
Histological staining
After the animals were sacrificed, each hind knee joint was dissected, and each femoral condyle was excised. The specimens were fixed in 10% buffered formalin and decalcified in 10% formic acid. After decalcification, the specimen was sectioned through the middle of the femoral condyle in the true sagittal plane, corresponding as closely as possible to the sagittal plane used for MR imaging. The tissue was subsequently embedded in paraffin, and 5-mm cut slices were obtained. Slices of each medial and lateral femoral condyle were stained with Safranin-O/Fast Green, and morphologically assessed for hyaline articular cartilage. The results were compared with the MR images.
Statistical analysis
A paired t test was used to evaluate the significance of the differences in the SNR, CNR, and GAG delineation score between the two methods (iGEMRIC and dGEMRIC). The significance of the differences in SNR and GAG delineation with the different concentrations of gadolinium (1.25 and 2.5 mmol/l) was tested using the Mann-Whitney U test. A two-sided value of Pv0.05 was used as the criterion for significance. All statistical analyses were performed using SPSS 12.0 software (SPSS Inc., Chicago, Ill., USA).
Results
SNR and CNR
The mean time interval between contrast administration and MR imaging was not significantly different between dGEMRIC (87.0¡31.5 min) and iGEMRIC (96.2¡47.4 min; P50.074). The mean SNR in cartilage was higher with dGEMRIC (10.1¡1.7) than with iGEMRIC (9.3¡2.1), but the difference was not statistically significant (P50.174). The mean CNR of dGEMRIC was significantly higher (absolute value of 16.7 compared to 11.6 for iGEMRIC; P50.000). The SNR and CNR of cartilage based on the dGEMRIC and iGEMRIC images are presented in Fig. 3 . The iGEMRIC images showed a clear delineation between cartilage and synovial fluid ( Fig. 4) , whereas it was difficult to distinguish between the cartilage border and the enhanced synovium and meniscus on the dGEMRIC images ( Figs. 4 and 5 ).
GAG delineation
The layering and gradient distribution of GAG were more clearly visualized on the iGEMRIC images ( Figs. 5 and 6 ). The mean GAG delineation scores on the dGEMRIC and iGEMRIC images were 0.7¡0.6 and 2.2¡1.7, respectively, indicating that the GAG distribution was better visualized with A B C Fig. 3 . Comparison of the signal-to-noise ratio (SNR), contrast-tonoise ratio (CNR), and glycosaminoglycan (GAG) delineation on each of the femoral condyles. A. The mean SNR was slightly higher for the delayed gadolinium-enhanced MR imaging of cartilage (dGEMRIC) images (green bars) than for the intraarticular GEMRIC (iGEMRIC) images (red bars), but the difference was not statistically significant (10.1¡1.7 and 9.3¡2.1, respectively; P50.174). B. The mean CNR was higher with iGEMRIC (green bars, 211.6¡3.4) than with dGEMRIC (red bars, 216.7¡4.0; P50.000), whereas the absolute value of CNR was higher with dGEMRIC. C. For the scoring of GAG delineation, iGEMRIC (red bars) was better than dGEMRIC (green bars) (2.2¡1.7 and 0.7¡0.6, respectively; P50.001).
iGEMRIC (P50.001; Figs. 3C, 5, and 6). The SNR, CNR, and GAG delineation score for the iGEMRIC images taken with 1.25 versus 2.5 mmol/l gadolinium were 9.5¡2.1, 213.3¡3.5, and 1.7¡1.5 versus 9.1¡2.2, 29.9¡2.4, and 2.7¡1.9, respectively, but the differences were not statistically significant (P50.684, 0.052, and 0.218, respectively).
Histologic evaluation
Although there were a few processing artifacts on the Safranin-O/Fast Green-stained slices, there were no pathological changes in the articular cartilage of any femoral condyles because all experimental animals were young, healthy beagle dogs.
Discussion
The dGEMRIC technique, which uses gadopentetate dimeglumine or Gd-DTPA 22 as an ionic contrast agent, shows promise for the evaluation of articular cartilage (1, 20, 22, 23, 27) and has been considered the gold standard for the measurement of GAG (22) . The GAG in cartilage has abundant negatively charged carboxyl and sulfate groups, causing Gd-DTPA 22 to distribute at higher concentrations in areas of the cartilage with relatively low GAG concentration and to be excluded from regions rich in GAG (20, 22, 23) . Thus, both dGEMRIC and iGEMRIC, which were used in this study, are indirect methods for measurement of GAG. However, to allow this distribution, the dGEMRIC technique requires a double dose of contrast agent (0.2 mM/kg, intravenously), followed by at least 10 min of exercise and delayed MR imaging (90-120 min) (24, 30, 43) .
MR arthrography has been used to evaluate the articular cartilage of joints for more than 10 years (14) (15) (16) (17) (18) (19) . Direct MR arthrography with the injection of a dilute solution of gadolinium directly into the joint (iGEMRIC) improves the visualization of cartilage, owing to the contrast between cartilage and the injected fluid (1, 44) . Therefore, iGEMRIC provides better contrast than dGEMRIC. Although the sensitivity of MR arthrography for the demonstration of clinically relevant cartilage damage is 80-100%, the sensitivity decreases to 0-29% for the early stage of damage manifested as circumscribed softening and swelling of the cartilage (17, 18, 45, 46) . Unlike MR arthrography, dGEMRIC is a very sensitive and useful technique for demonstrating early damage of articular cartilage (1, 20, 22, 23, 27) . Thus, iGEMRIC can have the useful features of both MR arthrography and dGEMRIC. BASHIR et al. reported that the intravenous administration of gadolinium compounds allowed the contrast agents to diffuse into patellar cartilage from both the articular surface and the subchondral bone (20) . However, articular cartilage depends primarily upon diffusion for molecular transport (47) , and articular cartilage on the femoral condyle is thinner than patellar cartilage (20, 48) . Thus, recent reports have shown that the direct administration of Gd-DTPA 22 has potential advantages for the MR imaging of cartilage (26, 27, 49) . Assuming that iGEMRIC would have the features and benefits of both dGEMRIC and MR arthrography, we investigated the feasibility of iGEMRIC and T1 relaxation mapping of articular cartilage in vivo using the intraarticular injection of Gd-DTPA 22 .
Depending on the pulse sequence chosen, the maximum signal intensity measured in in vitro experiments occurs at gadolinium concentrations between 0.5 and 2.5 mmol/l (14, 50, 51) . However, the applied contrast medium can be diluted in vivo by existing inflammatory or trauma-related effusion (14) . SCHULTE-ALTEDORNEBURG et al. showed that 2 mmol/l was the optimal gadolinium concentration for intraarticular administration for MR arthrography (14) . Here, we used 1.25 and 2.5 mmol/l salinediluted gadolinium solutions. The iGEMRIC images taken using 2.5 mmol/l gadolinium showed a little lower SNR, CNR (in absolute value), and higher GAG delineation values, but the differences between concentrations were not statistically significant.
Gd-DTPA 22 , as a hydrophilic agent, diffuses throughout the entire extracellular space after intravenous injection. Thus, the theoretical maximum interstitial concentration after an intravenous dose of 0.3 mmol/kg, or 0.21-0.23 l/kg, would be 1.3-1.4 mmol/l (14) . The intraarticular gadolinium concentration measured after intravenous administration of Gd-DTPA or Gd-DOTA 0.1 mmol/kg body weight is 0.029-0.44 mmol/l (14, (52) (53) (54) . These values are lower than expected based on a uniform distribution in the extracellular space because the contrast medium is rapidly excreted by the renal system and only the synovial membrane of the joint capsule can be regarded as a diffusing tissue (14, (52) (53) (54) .
BOESEN et al. reported that the delineation of cartilage in the synovial/cartilage zone of the hip joint was better using dGEMRIC with intraarticular gadolinium injection (iGEMRIC in our study) than dGEMRIC with intravenous gadolinium injection (26) . Similarly, better delineation of the articular surface of cartilage was observed with iGEMRIC in the present study. The clear delineation of the cartilage surface is also important for evaluating cartilage properties on a color-coded T1 map because the synovial tissue and meniscus can mimic the abnormal T1 value of cartilage damage. In their study, BOESEN et al. showed higher SNR and CNR on MR images made using intraarticular Gd-DTPA 22 injection compared with intravenous Gd-DTPA 22 injection (26) . In our study, we compared SNR and CNR between dGEMRIC and iGEMRIC because there is a relationship between the MR image of T1 series and the resulting T1 maps. In the present study, the cartilage SNR did not differ significantly between dGEMRIC and iGEMRIC (P50.174), but the absolute value of CNR was higher with dGEMRIC than with iGEMRIC (P50.000). The cause of this discrepancy is that BOESEN et al. used T1-weighted 3D spoiled gradientrecalled acquisition in the steady state (SPGR) images of cartilage and placed the ROI in the femoral head on fat-suppressed MR images (26), whereas we used IR-FSE images without fat suppression and placed the ROI in the synovial fluid instead of the bone marrow (1).
MODL et al. observed a trilaminar appearance of human knees and ankles on T2-weighted images, and correlated the lamina with the histological zones (55) . RUBENSTEIN et al. explained the laminar appearance of bovine knees on T1-weighted images on the basis of the magic angle effect from different orientations of collagen fibers with respect to the static magnetic field (56 (57) . Some studies have asserted that variations in the water or proteoglycan content determine the layering within articular cartilage (35) (36) (37) , and topographical variations of the GAG content and cartilage thickness have been reported (38) (39) (40) . PAUL et al. showed that the SI variation curve resembled the curve for zonal variation in the cartilage proteoglycan content but not the curve for collagen or free water content (58) . Although controversy remains, the laminated appearance of cartilage and the gradient zonal variation of GAG are obviously accepted. Thus, we compared the ability to visualize gradient layering on a color-coded T1 map between dGEMRIC and iGEMRIC.
To our knowledge, there is no standard method for comparing the ability of MR images to objectively visualize the ultrastructure of cartilage. We used seven ROIs (16616 pixels) located along the articular surface of the femoral condyle on color-coded T1 maps, instead of ROIs drawn freehand, resulting in improved objectivity and reproducibility. We also used a fixed display range of T1 values (0-1600 ms) on color-coded T1 maps for objective comparison because the variable display range of T1 values on color-coded maps might have created confusion and subjectivity in past reports. In the present study, lower and higher T1 values were better delineated at superficial and deeper zones of cartilage, respectively, on the colorcoded T1 maps with iGEMRIC. The mean GAG delineation score was significantly higher with iGEMRIC than with dGEMRIC, suggesting that a color-coded T1 map made using iGEMRIC is better for evaluating cartilage damage.
The present study had a few unavoidable limitations. First, it was impossible to perform active joint exercise to optimize the distribution of Gd-DTPA 22 before MR imaging because this was an in vivo experimental study. Second, there was limited spatial resolution of the MR imaging and noise with a limited small voxel because the cartilage thickness of the beagle hind foot is much less than that in humans. Third, it took a long time to perform T1 series for T1-map images. Each IR T1 series of five images took approximately 21 min to complete. Nevertheless, a promising role is expected for iGEMRIC in the evaluation of human cartilage based on ongoing studies of 3T MR imaging and rapid T1-mapping pulse sequences (23, 24, 59, 60) .
Direct MR arthrography using a T1-weighted pulse sequence following the intraarticular injection of a contrast agent is a reliable imaging technique for the detection of surface lesions of cartilage (27, 46) . Conventional direct MR arthrographic imaging with a T1-weighted pulse sequence can be obtained before iGEMRIC with an IR-FSE T1 series. In the present study, the SNR was equal between iGEMRIC and dGEMRIC, and the color-coded T1 map made using iGEMRIC provided for better evaluation of cartilage.
In conclusion, iGEMRIC exhibits useful features of both MR arthrography and dGEMRIC, and provides a color-coded T1 map that is useful for diagnosing early articular cartilage damage.
